Relativistic energy shifts of the low energy levels of Fe have been calculated using the DiracHartree-Fock and configuration interaction techniques. The results are to be used in the search for the space-time variation of the fine structure constant in quasar absorption spectra. The values of the shifts are the largest among those used in the analysis so far. This makes Fe a good candidate for the inclusion into the analysis.
I. INTRODUCTION
Theories unifying gravity with other interactions suggest a possibility of temporal and spatial variations of the fundamental constants of nature; reviews of these theories and results of measurement can be found in Refs. [1, 2] . Strong evidence that the fine-structure constant might be smaller about ten billion years ago was found in the analysis of quasar absorption spectra [3, 4, 5, 6, 7, 8] . This result was obtained using the data from the Keck telescope in Hawaii. However, an analysis of the data from the VLT telescope in Chile, performed by different groups [9, 10] gave a null result. There is an outgoing debate in the literature about possible reasons for the disagreement (see. e.g. [11, 12] ).
All these results were obtained with the use of the so called many-multiplet method suggested in Ref. [13] . This method requires calculation of relativistic corrections to frequencies of atomic transitions to reveal their dependence on the fine-structure constant. Atomic calculations for a large number of transitions in many atoms and ions of astrophysical interest were reported in Refs. [14, 15, 16, 17, 18, 19, 20, 21, 22, 23] . In present paper we perform similar calculations for neutral iron which was never considered before. Until very recent we were unaware about any lines of neutral iron observed in the quasar absorption spectra. It was Prof. P. Molaro [24] who brought to our attention the existence of such data and the intention of his group to use them in the analysis.
Using Fe I in the search for variation of the fine structure constant has several advantages. First, the values of the relativistic energy shifts are large due to relatively larger nuclear charge (Z=26) and strong configuration mixing. Second, these values vary strongly from state to state which makes it hard to mimic the effect of varying fine structure constant by any systematics. Finally, iron is very abundant element in the universe. Great part of the previous analysis was performed using the data from Fe II.
Calculations for Fe I are difficult due to large number of valence electrons and strong configuration mixing. Its ground state configuration for outermost electrons is 3d 6 4s 2 which is strongly mixed with the 3d 7 4s configuration. There is strong configuration mixing for the 3d 6 4s4p and 3d 7 4p odd-parity configurations for the excited states. With eight valence electrons and strong configuration mixing full-scale accurate ab initio calculations for Fe I would require enormous computer power. We have chosen a different approach. Below we report a simple method which is specially designed for systems with strong mixing of several distinct configurations. It combines ab initio Hartree-Fock and configuration interaction (CI) techniques with some semi-empirical fitting and gives very reasonable results at very low cost in terms of computer power. The approach is similar to the well-known multi-configuration relativistic Hartree-Fock method (see, e.g. [25] ) and can probably be considered as a simple version of it. The accuracy for the energy levels of Fe I is within few per cent of experimental values while estimated accuracy for the relativistic energy shifts is on the level of 20 to 30%. Due to strong configuration mixing the results are sensitive to the distances between energy levels. Therefore, special care has been taken to reproduce experimental positions of the energy levels.
II. METHOD
It is convenient to present the dependence of atomic frequencies on the fine-structure constant α in the vicinity of its physical value α 0 in the form
where ω 0 is the laboratory value of the frequency and x = (α/α 0 ) 2 − 1, q is the coefficient which is to be found from atomic calculations. Note that
To calculate this derivative numerically we use
Here δ must be small to exclude non-linear in α 2 terms. In the present calculations we use δ = 0.05, which leads 
To calculate the coefficients q using (4), α must be varied in the computer code. Therefore, it is convenient to use a form of the single electron wave function in which the dependence on α is explicitly shown (we use atomic units in which e =h = 1, α = 1/c)
where n is the principal quantum number and an index v replaces the three-number set n, j, l. This leads to a form of radial equation for single-electron orbitals which also explicitly depends on α:
here κ = (−1) l+j+1/2 (j + 1/2), andV HF is the HartreeFock potential. Equation (6) with α = α 0 √ δ + 1 and different Hartree-Fock potentialV HF for different configurations is used to construct single-electron orbitals. Table I lists configurations considered in present work. First four are even configurations and other three are odd configurations. We perform self-consistent Hartree-Fock calculations for each configuration separately. This allows to account for the fact that single-electron states depend on the configurations. For example, the 3d state in the 3d 6 4s 2 configuration is not the same as the 3d state in the 3d 7 4s configuration. In principle, it is possible to account for these differences in the CI calculations. One would need to have a complete set of single-electron states and construct many-electron basis states by redistributing valence electrons over these single-electron basis states. Then actual many-electron states are found by diagonalization of matrix of the effective CI Hamiltonian. This approach works very well for the case of two or three valence electrons (see, e.g. [26, 27, 28] ). However, for eight valence electrons it would lead to a matrix of enormous size making it practically impossible to saturate the basis while using limited computer power.
The results with unsaturated basis are very unstable and strongly depend on where the basis is truncated. Therefore, we prefer to account for the differences in the configurations on the Hartree-Fock rather than CI stage of the calculations.
The self-consistent Hartree-Fock procedure is done for every configuration listed in Table I separately. Then valence states found in the Hartree-Fock calculations are used as basis states for the CI calculations. It is important for the CI method that atomic core (1s 2 . . . 3p 6 ) remains the same for all configurations. We use the core which corresponds to the ground state configuration. Change in the core due to change of the valence state is small and can be neglected. This is because core states are not sensitive to the potential from the electrons which are on large distances (like 4s and 4p electrons). The 3d electrons are on smaller distances and have larger effect on atomic core. However, in most of the cases (see Table I ) only one among six 3d electrons change its state. Therefore their effect on atomic core is also small. More detailed discussion on the effect of valence electrons on atomic core can be found in Refs. [29, 30] .
All configurations in Table I correspond to an openshell system.
We perform the calculations staying within central-field approximation but using fractional occupation numbers.
As a result we have 23 singe-electron basis states for valence electrons: 3d
Here index i is the set number (as in Table I ). Note that total number of basis states is less than 5 times number of sets because many configurations don't include particular single-electron states. Note also that our basis set is non-orthogonal, e.g. 0 < 3d
The implications of this fact will be discussed below.
The effective Hamiltonian for valence electrons has the formĤ
h 1 (r i ) is the one-electron part of the Hamiltonian
Here α and β are Dirac matrixes, V core is Hartree-Fock potential due to 18 core electrons (1s 2 . . . 3p 6 ) and δV is the term which simulates the effect of the correlations between core and valence electrons. It is often called polarization potential and has the form
Here α p is polarization of the core and a is a cut-off parameter (we use a = a B ). The form of the δV is chosen to coincide with the standard polarization potential on large distances (−α p /2r 4 ). However we use it on distances where valence electrons are localized. This distances are not large, especially for the 3d electrons. Therefore we consider δV as only rough approximation to real correlation interaction between core and valence electrons and treat α p as fitting parameters. The values of α p for each configuration of interest are presented in Table I . They are chosen to fit the experimental position of the configurations relative to each other. The value of α p for the 3d 6 4p 2 configuration is taken to be the same as for the ground state configuration because actual position of this configuration in the energy spectrum is not known. For all configurations the values of α p are very close. This is not a surprise since the core is always the same. One can probably say that small difference in α p for different configurations simulates the effect of incompleteness of the basis and other imperfections in the calculations.
A. CI calculations with a non-orthogonal basis.
As it was mentioned above we have a set of singleelectron states which is not orthogonal. The 3d, 4s and 4p states in the configurations listed in Table I are similar but not the same. In principle, it may lead to complication in the CI procedure, starting from non-orthogonality of many-electron basis states which would lead in turn to complications in calculation of matrix elements and matrix diagonalization. However, most of these complications can be avoided by appropriate selection of the configurations included in the calculations. It is sufficient to obey the two rules:
• Forbid configurations which have singe-electron states taken from different sets, e.g. 3d m i 3d n j 4s k 4s l . Here i, j, k and l are set numbers as in Table I (i = j or/and k = l) and m and n are number of electrons in each of the 3d state (m + n = 6).
• Don't generate additional configurations by exciting electrons to the orbitals of the same symmetry, e.g. 3d 6 4s 2 → 3d 6 4s5s.
In present calculations we use only those configurations which are listed in Table I . If all single-electron states for every many-electron basis state are taken from the same set then the manyelectron basis states remain orthogonal to each other. Indeed, states of the same configuration are orthogonal to each other as in the standard CI technique. States of different configurations are orthogonal because at least one electron changes its angular symmetry in the transition between the configurations. For example all states of the 3d 6 4s 2 configuration are orthogonal to all states of the 3d 7 4s configuration because of the s − d transition involved.
Since many-electron basis functions remain orthogonal matrix diagonalization is not affected. Calculation of the matrix elements between states of the same configuration is not affected as well. The only part of the CI procedure which is affected is calculation of matrix elements between basis states of different configurations. Here single electron partĥ 1 (8) of the Hamiltonian does not contribute because this is a scalar operator which cannot change angular symmetry of a single-electron state. Only Coulomb integrals contribute to the matrix elements and their calculation must be accomplished by the product of overlaps between similar states from different sets. For example, Coulomb interaction between the 3d 6 4s 2 and 3d 6 4p 2 configurations has the form (in non-relativistic notations): 4s 1 , 4p 3 , 4s 1 , 4p 3 ) 3d 1 |3d 3 6 .
Here F 1 is dipole Coulomb integral, indexes 1 and 3 numerate basis sets as in Table I , 3d 1 |3d 3 is the overlap between different 3d functions.
III. RESULTS AND DISCUSSION
Neutral iron is an interesting system as a challenge for the calculations and as a candidate for the search of the variation of the fine structure constant. There is strong configuration mixing between the 3d 6 4s 2 and the 3d 7 4s even configurations in the ground state and the 3d 6 4s4p and the 3d 7 4p configurations for the odd excited states. The latter mixing is a fortunate feature which makes Fe I a convenient object for the analysis. Let us elaborate. It is important to have relativistic frequency shifts of the atomic transitions used in the analysis to be as large as possible. The value of the shift depends on how many electrons change their states in the transitions and how large is the change of electron momentum in each singleelectron transition (see, e.g. [14] ). The transition between 3d 6 4s 2 and 3d 6 4s4p configurations is basically a 4s − 4p transition. However, mixing with the 3d 7 4s configuration in the upper state adds one more single-electron transition (4s − 3d) and makes the frequency shift larger. Note that the presence of both the 3d 6 4s4p and the 3d 7 4p configurations is important. The first configuration is needed for the transition to the ground state to be strong electric dipole transition, otherwise it will not be observed. The second configuration is needed for the relativistic frequency shift to be large. It is fortunate that strong configuration mixing between these two configurations takes place for most of the low odd states of Fe I.
On the other hand this strong configuration mixing is a big challenge for the calculations. It makes the results for the relativistic energy shifts (the q-coefficients) to be unstable since they are very sensitive to the value of the mixing. Note that the configuration mixing in the ground state is also important. The admixture of the 3d 7 4s configuration adds the contribution of the 3d − 4p transition to the relativistic frequency shift. This contribution has an opposite sing as compared to the 4s − 4p transition which adds to the instability of the results.
Since configuration mixing is very sensitive to the energy intervals between the states the most reliable re- sults can be obtained in the calculations which reproduce correctly experimental spectrum. In present calculations this is achieved with the use of the core polarization term (9) in the Hamiltonian and fitting the data by changing the core polarizability parameter α p . Note however that only fine tuning was needed since in the end the values of the α p for different configurations turned to be very close to each other (see Table I results for particular states is level pseudo-crossing (see, e.g. [15, 16] ). Energies of the states when considered as function of α 2 may come close to each other in the vicinity of the physical value of α. Then small error in the position of level crossing may lead to large error in the q-coefficient which is actually the slop of the curve E(α 2 ) (see, formula (2) . To investigate whether this is the case for Fe I we plot the energies of few low odd states of Fe I with total momentum J = 3, 4 and 5 as function of α 2 from non-relativistic limit α = 0 to the physical value of α. The results are presented on Figs 1, 2 and 3. As can be seen from the pictures, there are multiple level crossing for states with J = 3 and J = 4. However, all these crossings take place on safe distance from the physical value of α and are very unlikely to cause the instability of the results. Another interesting thing to note is that the energies are practically linear functions of α 2 in all cases.
Table II presents experimental and theoretical energies and g-factors of the lowest even states of Fe I. The gfactors are useful for the identification of the states and for control of configuration mixing [16] . As can be seen the experimental data are reproduced in the calculations with very good accuracy for both the 3d 6 4s 2 and 3d 7 4s configurations. Table III presents experimental and theoretical energies and g-factors of the lowest odd states of Fe I in which the 3d 6 4s4p configuration dominates. Theoretical relativistic frequency shifts (q-coefficients) are also presented. The q-coefficients were obtained by numerical differentiation using formula (4) . Note that only states with J=3,4 and 5, for which electric dipole transition to the ground state is possible are needed for the analysis. However, we present q-coefficients for all states for better illustration of the accuracy of the calculations. In the linear in α 2 approximation the difference in q-coefficients for states of the same fine-structure multiplet is equal to the fine structure interval between this states. As can be seen from Figs. 1,2 and 3 the dependence of the energies on α 2 is very close to linear indeed. Therefore, comparing the data for the fine structure and q is another test of the calculations. 7 4p configuration are larger than those of the 3d 6 4s4p configuration. This is due to additional contribution from the 4s − 3d singe-electron transition as it was explained above.
It is interesting that similar to the case of the ion Fe II [16] neutral iron also has some negative shifters(q < 0). Corresponding states belong to the 3d 5 4s 2 4p configuration. Negative sign of q is due to the dominant contribution from the 4p − 3d single-electron transition. The data are presented in Table IV . Note however that the spin of these states is different from the spin in the ground state. This means that the electric dipole transition is suppressed by conservation of spin and goes only due to relativistic effects. This in turn probably means that the transitions may be too weak to be observed.
We estimate the accuracy of present calculations of the q-coefficients to be on the level of 20 to 30%. The results were obtained with a very simple method which uses small number of basis functions and some semi-empirical fitting. The main challenges for more accurate calculations are strong configuration mixing and large number of valence electrons. Further development of the methods or the use of supercomputers might be needed for better accuracy of the calculations. 
IV. CONCLUSION
We have calculated relativistic frequency shifts for a number of the lower odd states of Fe I. Some of these states were observed in the quasar absorption spectra. Calculations show that due to strong configuration mixing the values of the shifts are large and vary significantly between the states. This makes Fe I to be a good candidate for the search of variation of the fine structure constant in quasar absorption spectra. 
